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A new hydride generation system, ‘movable reduction bed
hydride generator’ has been developed which
accomplishes hydride generation at microliter sample
volume without the need for an external addition of acid,
or the use of a gas–liquid separator. Interferences among
hydride forming elements have been greatly reduced. The
technique may offer a possibility for automatic operation,
and could be used as an interface for LC, CE and other
chromatographic techniques. The recoveries of As, Se and
Sb by standard addition from a Chinese tea are 81.1
(±2.7%), 102.6 (±3.4%) and 94.1% (±4.1%), respectively.
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It is important to know the valency state, and in many cases the
organic form of the element of interest, in the study of toxicity
and metabolism. Arsenic and selenium are characterized by
widespread environmental occurrence, and both elements
undergo biochemical cycles with a variety of oxidation/
reduction- and methylation-equilibria, which is the reason for
their different mobilities.1 Arsenic and selenium exist in
solution in two possible oxidation states: arsenic-(iii) and -(iv)
and selenium-(iv) and -(vi), and also as methyl derivatives, e.g.,
methylarsonic acid and dimethylarsinic acid (DMA), which can
be volatilized and determined following sodium tetrahydrobor-
ate(iii) reduction. For the separation and determination of As
and Se species, many hyphenated techniques have been applied,
which have advantages of both efficient separation and element-
specific detection, e.g., high performance liquid chromatog-
raphy-hydride generation-atomic absorption spectrometry-
atomic emission spectrometry (HPLC-HG-AAS-AES).2–9
Capillary zone electrophoresis (CZE) is an alternative
separation technique which has demonstrated powerful capabil-
ities for resolution, and has extensive possibilities for varying
the analytical conditions and analysis of very complex samples.
At present, most studies on CZE speciation analysis for As and
Se compounds have been performed with spectrophotometric
detection.10–13 To our knowledge, no investigations have been
reported in the literature using HG as an interface for CZE and
AAS-AES.
The hydride generation technique, which makes use of
separation of the analyte element from the matrix by conversion
to its volatile hydride, offers a route to the trace analysis of
several important elements which have specific problems when
analyzed by conventional methods. Inductively coupled plasma
atomic emission spectrometry (ICP-AES) is a very sensitive and
selective element detection technique, but many hydride
forming elements are found in too low concentrations to be
determined by conventional ICP-AES; the use of hydride
generation for sample introduction may increase sensitivity
compared with liquid sample nebulization techniques because
of the high transport efficiency of the hydride and the possibility
of preconcentration. Also, atomization and excitation of the
hydride-forming elements are very efficient because it avoids
the energy consumption involved in the desolvation and
vaporization process associated with liquid samples. The rate of
electroosmotic flow in CZE is in the range of 0.02–1 ml min21,
which results in difficulties when coupling CZE with ICP using
a conventional HG system as an interface. The HG system has
to offer some appropriate conditions that can meet the special
need of CZE, for instance, the reaction cell, connection tube,
switching valves and the gas–liquid separator have to be
miniaturized.
In this study, a movable reduction bed hydride generator
(MRBHG) is developed for hydride generation. The MRBHG
can accomplish hydride generation at microliter sample vol-
umes without the need for external addition of acid and it also
eliminates the need for the use of a gas–liquid separator.
The performance testing of the newly developed MRBHG
has been carried out by investigating its sensitivity for arsenic,
selenium and antimony in ICP-AES analysis, and its application
to multi-element analyses has also been studied. The experi-
mental conditions, including solid organic acid, ratio of KBH4
to solid organic acid, acidity of sample, pH of buffer solution,
valence and organic form of arsenic and selenium, and sampling
volume have been optimized. Interference from different metal
ions on As and Se has also been studied. The technique has been




A Baird PS-4 multi-channel ICP atomic emission spectrometer
was used for the study (Baird, Bedford, MA, USA). The
instrument parameters for ICP-AES are summarized in Table 1.
A transient signal collection and data processing software
developed in our laboratory was used to collect and handle the
signals of the elements studied.14
Reagents
Arsenic and selenium stock solutions of 1000 mg ml21 each
were prepared using the following commercially available
reagents: arsenic trioxide (As2O3) was dissolved in 0.2% NaOH
and disodium hydrogenarsenate heptahydrate (Na2HAs-
O4·7H2O), disodium methylarsonate (MMA), DMA, Na2SeO3
(purity of 98%) and Na2SeO4 were dissolved in water. All these
reagents were used without further purification. Antimony stock
solution of 1000 mg ml21 was prepared by dissolving antimony
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powder (Spectral Pure) in 5% (v/v) nitric acid (36% m/m). The
desired concentrations of standards were prepared fresh daily by
diluting the appropriate volume of the stock solutions with
water purified by a Milli-Q unit (Millipore, Bedford, MA,
USA).
The reducing reagent was prepared by mixing appropriate
amounts of dry KBH4 and solid acid powder. [NB The mixed
powder should always be kept dry, otherwise, there is a risk of
the hydride exploding.] The mixed powder was deposited in the
drying apparatus to keep dry when not used. The powder
reagents were each ground and sieved through an 80-mesh
sieve. The acids, including ascorbic acid, citric acid, oxalic acid
and tartaric acid were analytically pure.
Sample preparation
A Chinese selenium-rich tea was analyzed as a real sample, and
was prepared as follows: 5.00 g of dry tea were weighed
accurately into a polythene beaker, 16 ml of nitric acid and 4 ml
of hydrochloric acid were added. Because a large quantity of gas
can be generated from the reaction, the mixture was left
overnight to allow complete reaction and disperse gas generated
from the reaction. The mixture was then digested in a
microwave oven, at 436 W for 3 min and this step repeated
twice. The superior solution was then analyzed with the
developed technique.
Results and discussion
Movable reduction bed hydride generator
The schematic diagram of the MRBHG is given in Fig. 1. The
physical set-up of the generator looks like a VCR cassette, and
the reduction bed is circled to two rollers which are placed in a
sealed organic glass cassette like a recording tape. A glass
reaction chamber is closely connected to the cassette by a rubber
stopper. The reduction bed crosses the two holes on the top of
stopper allowing the reduction bed to pass through into and out
of the chamber and cassette. There is a gear box out of the sealed
organic glass cassette (not shown in Fig. 1), which is linked up
to one of the rollers, thus the reduction bed in the reaction
chamber can be renewed automatically at a certain rate.
The reduction bed is made by coating a mixture of KBH4 and
solid organic acid powders on the surface of a long, narrow, glue
tape (a 6 mm wide, 10 m long commercial glue tape was used
in our study). The depth of the coating was controlled at about
0.5 mm. The activity of the coated reduction bed could be
preserved for at least 2 weeks as long as it was kept dry. The
sample solution is dropped onto the surface of the reduction bed
in the glass reaction chamber through an injection tube by a
micro-injector. The hydride generated on the surface of the
reduction bed is then swept directly into the ICP torch by an
argon carrier gas. The most important advantages of MRBHG
over conventional methods for hydride generation are that it
does not need complex tube plumbing or a gas–liquid separator.
It is suitable to handle micro-volume sample analyses.
A similar hydride generator has been reported by Inui
et al.15–17 and Barnett and co-workers.18,19 As reported
previously, the hydride-forming elements were reduced to
hydrides in a horizontal glass tube, in which a pellet of sodium
tetrahydroborate was placed. A 10–20 ml aliquot of sample
solution was dropped onto the pellet through a sample injection
hole. A micro-volume sample was injected onto a NaBH4 pellet
in a horizontal glass tube for the generation of hydride. The
sample was pre-acidified and one pellet could be used for 20–25
determinations. The principal difference between the device
developed in this work and that described by Inui et al. is that
KBH4 and solid organic acid are pre-mixed as the reducing
reagent in the present study so that the sample solution does not
need to be acidified prior to the analysis. In addition, the
MRBHG has the advantage that the reducing reagents can be
renewed continuously, which facilitates continuous on-line
operations. Thus, the generator may not only be applied to batch
hydride generation but also to on-line analysis.
Reducing reagents
Several reagents have been used to convert the analyte element
into its hydride for analytical purposes. However, the most
convenient and currently almost exclusively used method is the
NaBH4 (or KBH4)–acid system. According to the following
equation:
Em+
HB24 + 3H2O + H+?H3BO3 + 8H —? EHn + H2 (excess)
where E is the analyte of interest and m may or may not be equal
to n.
The reduction reaction is affected by both KBH4 or NaBH4,
and sample pH. The optimum acidity range depends on the
element of interest and the type of hydride generator used, and
has been reported in the range of 1–9 m.20–25 In some cases,
however, the sample solution is in a neutral state such as is the
case with eluates from CZE, thus, acid has to be added
externally into the eluates and the concentration of acid in the
sample solution might affect the hydride generation efficiency.
However, the eluates from the CE capillary are too small ( < 1 ml
min21), which makes the addition of extra acid difficult, and a
large amount of acid will dilute the concentration of sample
solution. In this study, instead, the acid is generated through the
contact of the water-containing eluate with the dry, solid,
organic acid, and further reacts with the solid KBH4 powder in
situ on the surface of the reduction bed.
Four different solid organic acids, citric acid, ascorbic acid,
oxalic acid and tartaric acid, were investigated including the
ratios of KBH4 and those of the solid acids. A standard solution
of 10 mg ml21 at pH 6.5 buffered with 10 mm phosphate was
Table 1 ICP-AES operating conditions
RF Power/kW 1.1
Frequency of RF generator/MHz 27
Coolant gas flow rate/l min21 8.0
Carrier gas flow rate/l min21 1.0
Plasma gas flow rate/l min21 1.0
Additional carrier gas flow
rate/l min21 0.6




Wavelength/nm 196.0 for Se
206.8 for Sb
Fig. 1 Schematic diagram of movable reduction bed hydride generator.
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used to optimize experimental conditions throughout the
experiment except when stated otherwise. One microliter of
sample solution was injected.
The changes in AsIII signal as a function of the ratio of KBH4
to solid acid, and the relative standard deviation (RSD) of the
measurements is shown in Fig. 2. Each data point in Fig. 2
represents the mean value of five measurements. The efficiency
of hydride generation is similar for vitamin C and tartaric acid.
The results show that maximum sensitivity for AsIII determina-
tion could be obtained with a ratio of 1 : 3 KBH4 to tartaric acid
or vitamin C. In the present work, the RSD is an important
parameter for the evaluation of the reduction efficiency and
reproducibility. Also it reflects the homogeneity of the solid
reagent mixture, especially, for liquid–solid phase reaction.
From Fig. 2(b), it can be seen that the RSDs obtained with
tartaric acid are more stable than those obtained with the other
three solid acids under all investigated ratios. Although the
mixture of 1 : 3 KBH4 to vitamin C shows better RSD, it was
found that the mixture of KBH4 and vitamin C formed discrete
lumps within the mixture. Thus the mixture of KBH4 and
tartaric acid at a ratio of 1 : 3 was selected for this work.
Similar experiments were carried out for SeIV, the results are
given in Fig. 3. A higher intensity could be obtained with
tartaric acid than with the other three acids at a ratio of KBH4 to
solid organic acid of between 1 : 3 and 3 : 1. Although the
highest intensity could be obtained with a ratio of 1 : 1 KBH4 to
tartaric acid, a better RSD could be expected with a ratio of 1 : 3.
Similarly, for AsIII, the mixture of KBH4 and tartaric acid at a
ratio of 1 : 3 was selected for the rest of the investigation.
Reaction chamber volume
The effect of the glass reaction chamber volume on the As
emission intensity is illustrated in Fig. 4. The highest sensitivity
was obtained when the chamber volume was 10 ml. Poorer
sensitivity was observed for the chamber volumes greater or
less than 10 ml. When the volume was greater than 10 ml, the
peak shape broadened. On the other hand when the volume was
reduced, the peak shape became too narrow, and the linear
velocity of the carrier gas was then incompatible with the ICP
data acquisition rate. A chamber volume of 10 ml was,
therefore, selected for all further experiments.
Injection volume
The effect of sample injection volume on AsIII and SeIV signals
is demonstrated in Fig. 5. Each data point in Fig. 5 represents the
mean value of five measurements. The RSDs of the repeat
measurements are shown in Fig. 6. The reproducibility
decreased when injection volumes were greater or less than 4 ml.
The precision of measurement reflects the sampling precision
and homogeneity of reagent on the reaction bed. The precision
for the low sample volume is controlled primarily by the
precision of the specimen handing; the lower the sample
volume, the worse the precision of the measurement. As for the
larger sample volumes, the contact of sample-reducing reagent
spots on the bed is substantially enlarged.
Fig. 2 (a) Effect of the type of solid organic acid and the ratio of KBH4
and solid organic acid on As emission intensity. (b) Effect of the type of
solid organic acid and the ratio of KBH4 and solid organic acid on relative
standard deviation of As emission signal (n = 5).
Fig. 3 (a) Effect of the type of solid organic acid and the ratio of KBH4
and solid organic acid on Se emission intensity. (b) Effect of the type of
solid organic acid and the ratio of KBH4 and solid organic acid on relative
standard deviation of Se emission signal (n = 5).
Fig. 4 Effect of reaction chamber volume on As emission intensity.
Analyst, April 1998, Vol. 123 629
Effect of buffer pH, acidity and buffer capacity of the
sample solution
The effect of pH and acidity on AsIII and SeIV determinations
were tested in order to evaluate how adaptive the method is to
chemical composition variation of the eluates from the
chromatography.
The effects of HNO3 concentration and pH on As and Se
emission intensity are illustrated in Fig. 7 and 8. The intensity
remains constant at an HNO3 concentration ranging from 0–5 m,
and a pH ranging from 1 to 12.
The effect of buffer capacity on As and Se emission intensity
is illustrated in Fig. 9. A constant intensity could be observed
when the buffer solution concentration was in the range
1–1000 mm.
Interferences
Interferences caused by other metal ions were studied for As
and Se with the MRBHG technique. The results are shown in
Table 2. The matrix interference occurs when it affects the
hydride release efficiency. Elements such as Zn, Ca, Al, Cd and
Fe cause no interference with the generation of arsine and
selenide even up to 1000 times the concentration of AsIII and
SeIV. But the existence of Au, Pt, Pd, Co and Ni interferes
severely when they are present at concentrations of 10 times the
amount of AsIII and SeIV; the mechanism of this interference
might be attributed to a preferential reduction of interfering ion
to the metal. It is possible that fine particles of metal were
precipitated, which may then adsorb and decompose the
gaseous hydrides studied. Insoluble nickel arsenide or similar
compounds may then be formed in a secondary reaction.26 The
interference of Co, Ni and Cu with the generation of selenium
hydride may be explained by the high decomposition rate of
Fig. 5 Effect of injection volume on As and Se emission intensity.
Fig. 6 Effect of injection volume on relative standard deviation of As and
Se emission intensity (n = 5).
Fig. 7 Effect of pH on As and Se emission intensity.
Fig. 8 Effect of concentration of HNO3 on As and Se emission
intensity.
Fig. 9 Effect of buffer concentration on As and Se emission intensity.
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sodium tetrahydroborate in acidic media and the catalytic effect
of transition metal ions on this decomposition,27 and the very
insoluble nature of copper selenide (likely to be formed) is also
partially responsible for the bad recoveries.
In a conventional HG system, almost all volatile hydride-
forming elements interfere with each other,28 which is generally
considered to be the result of a competitive reaction. Indeed, it
can be seen from the data in Table 2 that the interferences from
hydride-forming elements have been greatly eliminated or
substantially reduced with the reported system. Because the
reducing reagents are largely in excess, and the residence time
of arsine and selenide in the liquid phase is shorter, less
interference among hydride-forming elements in this system
should be expected.
Hydride efficiency for different valency states and
molecular species
In this study, the effect of valency state and organic form on the
emission intensity of arsenic and selenium is investigated, and
the results are shown in Table 3. One microliter of sample
solution was injected, and the concentration of sample solution
was 10 mg ml21. The efficiencies of hydride generation are
considered to be similar when the emission intensities are
identical, which indicates that the four arsenic species and two
selenium oxidation states are converted to their hydrides
effectively.
The effect of the oxidation state of the elements in the sample
on the rate of hydride formation has already been studied in a
conventional hydride generation system.29 In order to determine
the total concentration for arsenic, KI has been employed as a
prereductant.30 For selenium, a prereduction with KBr,31,32
SnCl2 or by boiling the sample in 4–5 m HCl has been
performed to determine the total selenium.33–39 As for many
hydride-forming elements in various organic forms, it is
necessary to decompose organic bonds of the analyte com-
pletely during the sample pretreatment prior to determination of
the total analyte. The results obtained in the present work
demonstrate that MRBHG is a useful technique to carry out total
analyte concentration detection of hydride forming elements
without any pretreatment of the sample solution.
Evaluation of MRBHG
A preliminary evaluation of the MRBHG system was carried
out by analyzing AsIII, SeIV and SbIII. The calibration graphs are
linear at concentrations ranging from 0 to 20 mg ml21 under the
recommended conditions. Their regression equations were as
follows: y = 8.879x (R2 = 0.9972) for AsIII; y = 3.968x
(R2 = 0.9975) for SeIV; y = 46.73x (R2 = 0.9797) for SbIII. The
detection limits of the three elements are given in Table 4. As
demonstrated earlier, interferences among hydride-forming
elements have been largely eliminated with the MRBHG
system, it is therefore possible to achieve multi-hydride-
forming-element detection with the system. To take advantage
of the simultaneous determination capabilities of ICP-AES for
multielement analyses, a test sample containing these three
elements at a concentration of 10 mg ml21 was analyzed. Their
recoveries are also shown in Table 4.
Analysis of a real sample
A Chinese tea was analysed that had arsenic and selenium levels
below the detection limit of the system. On spiking some of the
digests with arsenic and selenium good recoveries (93–105%)
were observed. The results obtained are shown in Table 5. The
signal profiles with and without addition of the analytes are
illustrated in Fig. 10.
Conclusion
This work demonstrates that the technique of MRBHG
incorporates most of the advantages of the conventional KBH4–
acid hydride generation technique but circumvents several
disadvantages of the latter reaction: (1) a satisfactory signal can
be obtained with microliter sample introduction; (2) the
technique suffers from less interferences among hydride-
Table 2 Interferences from alkaline earth metals, hydride forming elements,
nickel, noble metals and diverse metals
Interference

















Interference 10 times 100 times 500 times 1000 times
Cd 98 76 71 68
Ag 97 86 70 67
Cu 100 83 77 71
Co 101 82 72 69
Table 3 Effect of valency state and molecular species on hydride generation
efficiency (AsIII = 100, SeIV = 100)
Se Recovery
As Recovery (%) (%)
Species AsIII AsV DMA MMA SeIV SeVI
Relative intensity 100 92 92 105 100 94
Table 4 MRBHG characteristics
Detection Spiked
limits/ RSD (%) concentration/ Recovery
Element mg ml21 (n = 5) mg ml21 (%)
As 0.3 6.4 10.0 109.7
Se 0.7 5.9 10.0 96.0
Sb 0.08 8.4 10.0 95.5
Table 5 Recoveries of standard addition from a selenium rich Chinese
tea
Added/ Found/ Recovery
Element mg ml21 mg ml21 (%)
As 10.0 10.1 93
Se 10.0 11.5 102
Sb 10.0 11.5 105
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forming elements; (3) the technique eliminates the use of a gas–
liquid separator; (4) it gives the same signal intensity for all
species; (5) automatic operation can be realized; and (6)
MRBHG is considered to be a good interface for LC, CE and
other chromatographic techniques. It is hoped that MRBHG can
be adapted to the hyphenated techniques of LC, CE and other
chromatographic methods coupled with ICP-AES, ICP-MS or
the other atomic spectrometric methods without too much
difficulty. However, there still is a lot of work left to be done to
develop the method for other elements, for instance, Ge, Pb, Bi,
Sn, and Te, and even for some transition metals, such as Cd, Zn
etc., as well to apply it to element speciation analysis, before the
MRBHG technique can be fully established. Its application in
CZE-ICP-AES as an interface for arsenic speciation analysis
has already been done in our laboratory.40
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Fig. 10 Arsenic, Se and Sb in selenium rich Chinese tea: (a) without
addition; (b) with addition of 10 mg ml21 of mixture of As, Se and Sb.
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